Few drugs targeting picornaviruses are available, making the discovery of antivirals a high priority. Here, we identified and characterized three compounds from a library of kinase inhibitors that block replication of poliovirus, coxsackievirus B3, and encephalomyocarditis virus. Using an in vitro translation-replication system, we showed that these drugs inhibit different stages of the poliovirus life cycle. A4(1) inhibited both the formation and functioning of the replication complexes, while E5(1) and E7(2) were most effective during the formation but not the functioning step. Neither of the compounds significantly inhibited VPg uridylylation. Poliovirus resistant to E7(2) had a G5318A mutation in the 3A protein. This mutation was previously found to confer resistance to enviroxime-like compounds, which target a phosphatidylinositol 4-kinase III␤ (PI4KIII␤)-dependent step in viral replication. Analysis of host protein recruitment showed that E7(2) reduced the amount of GBF1 on the replication complexes; however, the level of PI4KIII␤ remained intact. E7(2) as well as another enviroxime-like compound, GW5074, interfered with viral polyprotein processing affecting both 3C-and 2A-dependent cleavages, and the resistant G5318A mutation partially rescued this defect. Moreover, E7(2) induced abnormal recruitment to membranes of the viral proteins; thus, enviroxime-like compounds likely severely compromise the interaction of the viral polyprotein with membranes. A4(1) demonstrated partial protection from paralysis in a murine model of poliomyelitis. Multiple attempts to isolate resistant mutants in the presence of A4(1) or E5(1) were unsuccessful, showing that effective broad-spectrum antivirals could be developed on the basis of these compounds.
P
icornaviruses are a family of positive-strand RNA viruses that infect diverse human and animal hosts. Many members of this group, such as polioviruses, rhinoviruses, foot-and-mouth disease viruses, and others, can cause serious diseases associated with a significant public health burden and high economic costs. Currently, only hepatitis A virus and poliovirus can be effectively controlled by vaccination, while for most picornavirus-induced pathologies, modern medicine can offer nothing more than supportive therapies. The major obstacle in vaccine development is the broad antigenic diversity of viruses associated with specific diseases, which in many cases makes the vaccination approach impractical. For example, rhinoviruses, the major cause of the common cold, resulting in multibillion-dollar losses annually due to loss of productivity and cost of treatment (1, 2) , comprise more than a hundred known individual serotypes, and the number is growing (3) . Similarly, other serious human conditions, such as type I diabetes and myocarditis, may be associated with diverse viruses from the Enterovirus genus of the Picornaviridae family (4) (5) (6) , making the development of comprehensive vaccines problematic. Thus, antiviral therapies would be highly desirable for many picornavirus-associated pathological conditions that are impossible to control by vaccination. Even for poliovirus, which has almost been eliminated via massive vaccination campaigns in the course of the WHO polio eradication initiative, antiviral drugs could play an important role in treating chronically infected individuals and preventing them from shedding virulent viruses into the environment. Maintaining stockpiles of antipoliovirus drugs could also mitigate risks of polio reemergence after circulation of wild and vaccine-derived polioviruses has been stopped (7) .
Traditionally, antiviral drugs are designed to target virus-specific proteins. This approach holds the advantage of minimizing host toxicity, since the drug is expected to specifically interact with only the viral protein and ideally not interfere with cellular metabolism. At the same time, therapeutics targeting virus-specific proteins are inevitably effective against only very closely related viruses with minimal divergence of protein sequences. An alternative approach is to inhibit host-specific proteins involved in the viral replication cycle. Since related viruses are expected to share basic mechanisms of replication, targeting of one host factor may potentially generate a broad-spectrum antiviral effective against all viruses that rely on this host protein. Host factors as antiviral targets came into focus relatively recently, largely because very few such factors are still known but also because targeting of a host protein bears a higher risk of inducing toxicity.
The daunting problem for designing effective antiviral therapeutics is the emergence of resistant mutants. Positive-strand RNA viruses, including picornaviruses, are notorious for their ability to escape therapeutic pressure. The low fidelity of the viral RNA-dependent RNA polymerase results in an accumulation of a range of mutants that coexist in viral populations (quasispecies), providing a source for rapid selection of variants resistant to antiviral drugs. Poliovirus readily generates resistance to compounds targeting either viral proteins or cellular factors involved in the viral life cycle (8) (9) (10) , imposing significant restrictions on the repertoire of targets for drug development. Resistance to the prospective antipicornavirus compounds pleconaril and V-073 is well documented, restricting their use to cases of life-threatening infections and public health emergencies (11) . Currently, the emergence of resistant mutants is accepted as an unavoidable pitfall. However, it does not mean that it is impossible to find drugs that will not easily induce resistant virus. Inhibition of at least one cellular protein, the chaperone Hsp-90, involved in the folding of poliovirus capsid proteins, was shown to be refractory to the emergence of resistant mutants in vitro and in vivo (12) .
Poliovirus is the prototype member of the Picornaviridae family and is among the best-studied animal viruses. The arsenal of available research tools makes poliovirus a perfect model for the discovery of novel antiviral approaches, especially those targeting picornaviruses and in particular members of the Enterovirus genus. The poliovirus genome RNA of ϳ7,500 nucleotides (nt) is directly translated into one polyprotein that is cleaved in cis and in trans by viral proteases into structural proteins that make up the capsid and nonstructural proteins involved in the replication of viral RNA (Fig. 1A ). Viral RNA replication is performed by RNAdependent RNA polymerase 3D, which also uridylylates the small viral protein VPg (3B), which serves as a primer for the synthesis of both negative and positive RNA strands. Other viral nonstructural proteins facilitate the replication process, but their precise role is not well established. Replication of poliovirus RNA is associated with membranous replication organelles where viral and host factors involved in replication are assembled (13) . The complex process of viral genome expression and replication apparently depends on the coordinated activity and multiple interactions of cellular and viral proteins, providing potentially countless targets for antiviral therapeutics.
Here, we report the identification of three novel compounds from a screen of cell-permeable kinase inhibitors that effectively blocked replication of poliovirus at different stages of the replication cycle: A4(1) (Akt inhibitor IV), E5(1) (platelet-derived growth factor [PDGF] receptor tyrosine kinase inhibitor III), and E7(2) (indirubin derivative E804). All three compounds were effective against poliovirus, the related enterovirus coxsackievirus B3 (CVB3), as well as the much more distantly related encephalomyocarditis virus (EMCV). Separate assessments of individual steps in viral replication showed that A4(1) blocked both the formation and functioning of the poliovirus replication complexes. E5(1) and E7(2) prevented the assembly of the functional replication complexes but could not interfere with the replication reaction. Replication complexes assembled in the presence of the compounds were fully competent in the synthesis of a uridylylated VPg primer but could not support effective RNA replication. The antiviral effect of these compounds is not likely to be related to their annotated cellular targets, since other inhibitors of the same kinases did not interfere with viral replication. A resistant poliovirus mutant selected upon propagation in the presence of E7(2) contained a mutation in viral protein 3A that was previously reported to confer resistance to a group of so-called enviroxime-like compounds, strongly suggesting that E7(2) has a similar mechanism of action (10, 14) . Analyses of the effects of E7(2) on poliovirus polyprotein processing and recruitment of the viral and cellular proteins to replication complexes strongly suggest that enviroximelike compounds compromise interactions of the viral polyprotein with membranes but not the recruitment of viral polymerase 3D, as was suggested previously (15) . Evaluation of A4(1) in vivo in a murine model of poliomyelitis showed that while this compound had significant toxicity, it delayed the development of disease. Multiple attempts to select mutants resistant to compounds A4(1) and E5(1) were unsuccessful, showing that these drugs may be developed into superior antiviral therapeutics.
MATERIALS AND METHODS

Cells and viruses.
HeLa cells were grown in high-glucose Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS). Poliovirus type 1 strain Mahoney, coxsackievirus B3, and encephalomyocarditis virus were propagated on HeLa cells. Titers were determined by standard plaque assays.
Kinase inhibitors. Two libraries of cell-permeable kinase inhibitors were purchased from Calbiochem. A list of the compounds is available in Tables S1 and S2 in the supplemental material. Wortmannin was obtained from Sigma-Aldrich; LY294002 was obtained from Cell Signaling Technology. M z-VAD-fmk. HeLa cells grown on a 96-well plate were transfected with poliovirus replicon RNA with a Renilla luciferase gene. After transfection, each inhibitor was added to one well of a 96-well plate (x-axis labels). The cells were incubated for 16 h in the presence of a cell-permeable Renilla luciferase substrate. The total integrated luciferase signal measured each hour over 16 h of observation is plotted. Data are normalized to values for control replication in the presence of DMSO (solvent); BFA served as a negative control. Toxicity was measured in the same wells of a 96-well plate after the replication experiment was finished; data are normalized to control values (DMSO).
Plasmids. Plasmid pXpA-RenR, coding for a poliovirus replicon in which the P1 structural region is replaced with a gene encoding Renilla luciferase, was described previously (16) . The plasmid coding for a similar coxsackievirus B3 replicon was a kind gift from Frank van Kuppeveld (University of Utrecht, The Netherlands). Plasmid pXpA-P2P3 contains poliovirus cDNA coding for nonstructural proteins under the control of a T7 RNA polymerase promoter. pXpA plasmids contain the ribozyme sequence that generates the authentic 5=-UU sequence of poliovirus RNA upon T7 RNA polymerase transcription (17) . Plasmid pPV⌬P1 was a gift from Natalya Teterina (NIH). It contains poliovirus cDNA coding for the nonstructural proteins (P2P3) under the control of a T7 RNA polymerase promoter but does not contain the ribozyme sequence resulting in a 5=-GG sequence on the RNA generated by T7 RNA polymerase. Poliovirus RNAs were generated by using a MEGAscript T7 transcription kit (Ambion) and purified as described previously (18) .
Antibodies. Rabbit polyclonal anti-GBF1 antibodies were gifts from Nihal Altan-Bonnet (NIH). Rabbit polyclonal antibodies against phosphatidylinositol 4-kinase III␤ (PI4KIII␤) were obtained from Millipore. Mouse monoclonal antibodies against calnexin were obtained from Sigma-Aldrich. Rabbit polyclonal antipoliovirus 3D antibodies were produced by Chemicon, using full-length recombinant 3D as an antigen. Antipoliovirus 2C and antipoliovirus 3A mouse monoclonal antibodies were gifts from Kurt Bienz (Basel University).
Poliovirus replicon assays. Poliovirus RNA replication assays were performed essentially as described previously (16) . HeLa cells were grown on a 96-well plate overnight. Transfection mix with purified Renilla luciferase poliovirus replicon RNA (10 ng RNA/well) was prepared with mRNA TransIt transfection reagent (Mirus) according to the manufacturer's protocol. After 5 min of incubation at room temperature, the transfection mix was combined with normal cell growth medium supplemented with the cell-permeable Endu-Ren Renilla luciferase substrate (Promega). For the initial library screening experiments, medium on the 96-well plate was replaced with this master mix (75 l/well), and every inhibitor was added to a single well of a 96-well plate (1 l of a 75ϫ solution in dimethyl sulfoxide [DMSO] ). DMSO (positive control) and 10 M brefeldin A (BFA) (negative control) were added to 8 wells (one column on the 96-well plate each), thus also providing a measure of the reproducibility of the signals from individual wells. After the addition of compounds, the plate was incubated on a shaker for 2 min for mixing. For characterization of the selected inhibitors, the transfection master mix was divided into aliquots sufficient for transfection of the required number of wells (at least 16 wells per sample), and the inhibitors (or the corresponding amount of DMSO for controls) were added directly to the master mix before transfection. After the transfection medium was added to the cells, the plates were sealed with optical clear film and incubated directly in an M5 (Molecular Devices) or Infinite M1000 (Tecan) plate reader equipped with heated cameras at 37°C, and the luciferase signal was measured every hour for 16 h. Results were plotted by using GraphPad Prism statistical software, with error bars showing standard deviations. Total replication was calculated based on the integrated luciferase signal (area under the curve).
In vitro translation and replication assays. HeLa S10 cell extracts were prepared and translation-replication reactions were performed essentially as previously described (19) . Translation mixtures contained 2 mM guanidine-HCl to prevent replication. An aliquot of the translation reaction mixture was mixed with 1 l of EasyTag Express 35 S protein labeling mix (PerkinElmer) to detect newly synthesized proteins. Translation reaction mixtures were incubated at 34°C for 3.5 h and then centrifuged at 15,000 rpm to collect the membrane-associated poliovirus replication complexes. The pellet was resuspended in a replication buffer containing 32 P-labeled ␣CTP (PerkinElmer), without guanidine-HCl. Replication reactions were carried out for 1 h at 37°C. Total RNA was isolated and purified with the RNeasy minikit (Qiagen). Proteins from 35 S-labeled translation reactions were resolved by SDS-PAGE. RNA was denatured for 45 min in a glyoxal buffer at 65°C and resolved on a glyoxalcontaining denaturing agarose gel. The gel was stained with ethidium bromide to assess the total RNA content, dried, and exposed to a radiographic film to reveal the newly synthesized poliovirus RNA. Image density quantitation was performed with ImageJ software (NIH).
Analysis of proteins associated with poliovirus replication complexes. In vitro translation was performed as described above, and the membranous pellets containing replication complexes were collected by centrifugation and resuspended in 50 l of 1ϫ protein sample buffer. Aliquots of 20 l were run on 10% or 15% SDS-PAGE gels, and proteins were analyzed by Western blotting.
VPg uridylylation assay. The VPg uridylylation assay was performed essentially as described previously (20) , with minor modifications. In vitro translation was performed as described above. Following translation, replication complexes were collected via centrifugation at 15,000 rpm and resuspended in a replication buffer without guanidine-HCl containing 32 P-labeled ␣UTP (PerkinElmer). For the negative control, 2 mM guanidine-HCl was added to the replication buffer. Replication reactions were carried out for 1 h at 37°C. Following replication, the replication complexes were spun down at 15,000 rpm and resuspended in 1ϫ protein sample buffer. Samples were fractionated on a polyacrylamide-Tris-Tricine gel. Image density quantitation was performed with ImageJ software (NIH).
Cell viability assay. Cell viability was measured with the CellTiter-Glo luminescent cell viability assay kit (Promega).
Serial passages. For the first passage, a HeLa cell monolayer grown on a 6-cm plate was infected with poliovirus at 10 PFU/cell. After virus attachment, medium containing 10% FBS and the indicated concentrations of inhibitors were added. The samples were frozen at 6 h postinfection (p.i.). After three cycles of freeze-thawing to release the intracellular virus, 1/10 of the viral material was used for subsequent passages, and the rest was stored for further analysis. Every five passages, standard plaque assays were performed to determine virus titers.
Identification of resistant mutations. Resistant viruses were picked from individual plaques, and viral RNA was isolated with the QIAamp viral RNA minikit (Qiagen) according to the Spin protocol. RNA was reverse transcribed into cDNA with the MonsterScript first-strand cDNA synthesis kit (Illumina). Three overlapping cDNA fragments covering the entire polyprotein coding region were amplified by PCR using a Phusion PCR kit (New England BioLabs) and were commercially sequenced (Genewiz Inc.). Primers for PCR and sequencing are available upon request.
Solubilization of inhibitors in water using molecular containers M1 and M2. The abilities of molecular containers M1 and M2 to increase the solubility of water-insoluble compounds A4(1), E5(1), and E7(2) were determined according to a methodology described previously (21) . The concentrations of compounds A4(1), E5(1), and E7(2) in the resulting solutions were determined by proton nuclear magnetic resonance spectroscopy by comparing the integrals for protons of the inhibitors with the integral of the singlet at 8.3 ppm for 1,3,5-benzene tricarboxylic acid, which was used as an internal standard.
Murine model of poliomyelitis. TgPVR21 mice expressing poliovirus receptor (22, 23) were randomized into three groups (each containing 5 males and 5 females) to be infected with poliovirus and treated with (i) compound A4(1), solubilized by using molecular container M2 dissolved in phosphate-buffered saline (PBS); (ii) PBS; and (iii) empty molecular container M2 dissolved in PBS. Groups of two mice (one male and one female) were treated with the same substances but mock infected with the virus. Mice received the first intraperitoneal injection of the A4(1) solution (10 mg/kg of body weight) (or the corresponding amount of control solutions) 3 h before intramuscular challenge with 10 50% protective doses (PD 50 s) of poliovirus type 1 strain Mahoney. The animals received the second injection 24 h after viral challenge (day 2) and were not treated after that, since mice treated with A4(1) showed signs of toxicity. The mice were observed for signs of paresis/paralysis for 4 days, until all animals were paralyzed. The animal care protocol was approved by the Institu-tional Animal Care and Use Committees (IACUCs) of the FDA Center for Biologics Evaluation and Research.
RESULTS
Identification of small-molecule inhibitors that block enterovirus replication.
We first screened 192 cell-permeable kinase inhibitors for their effects on poliovirus replication. HeLa cells were transfected with poliovirus replicon RNA that contains the Renilla luciferase gene instead of the P1 structural proteins (RenR) (Fig.  1A) , and replication was monitored in live cells incubated in the presence of 10 M inhibitors for 16 h. Samples incubated in the presence of the corresponding amount of DMSO (solvent for the inhibitors) served as positive controls, and those incubated with brefeldin A, a known strong suppressor of poliovirus replication (24, 25) , served as negative controls. Some screening experiments were performed in the presence of 100 M z-VAD-fmk, a cell-permeable caspase inhibitor, to prevent cell death from apoptosis that may be induced by kinase inhibitors. z-VAD-fmk was shown previously not to interfere with poliovirus replication (26) . After replication, the effects of the inhibitors on cell survival were evaluated. In our screen, we identified several compounds that effectively inhibited poliovirus replication without significant cell toxicity (Fig. 1B) . Among others, we identified Flt3 inhibitor II (Fig. 1B , library I, position C5), which was previously reported to inhibit poliovirus replication (27) , thus validating our screening approach. We repeated the screen using a similar replicon construct based on CVB3 (another enterovirus) RNA. The compounds that suppressed poliovirus replication were equally effective against CVB3 (not shown), highlighting the similarity of the replication processes of the two viruses and the possibility of the development of broad-spectrum antienterovirus therapeutics.
Next, we determined if the compounds showing significant inhibition of replicon replication could block normal poliovirus infection in HeLa cells. Interestingly, many of the inhibitors that were effective in the replicon assay did not significantly affect virus propagation, suggesting that their effect was mediated by an inhibition of the RNA transfection process rather than actual replication (see Table S1 in the supplemental material). Three compounds, Akt inhibitor IV, henceforth called A4(1) (position A4 in the library I plate); PDGF receptor tyrosine kinase inhibitor III [E5(1)]; and indirubin derivative E804 [E7(2)], which considerably reduced poliovirus replicon replication in the initial screen, effectively suppressed virus infection in cell culture, and did not show significant cellular toxicity, were chosen for further characterization (Fig. 1B) .
The selected inhibitors suppress poliovirus replication in a dose-dependent manner, but their antiviral effect is likely not related to their annotated cellular targets. To determine the 50% inhibitory concentrations (IC 50 s) for the selected inhibitors, we performed the poliovirus replicon replication assay in the presence of different concentrations of the compounds. Cellular toxicity of treatment was assessed after replication (ϳ18 h of inhibitor treatment). The most effective treatment was A4(1), with an IC 50 of 3.2 M, followed by E5(1) and E7(2), with IC 50 s of 12 and 16 M, respectively. We observed noticeable cytotoxicity with treatment with A4(1) at a concentration of 50 M; however, lower concentrations of this inhibitor as well as all treatment conditions for the other two inhibitors were well tolerated by the cells ( Fig. 2A  to C ). In the presence of E7(2), especially at higher concentrations, the luciferase signal was noticeably decreasing toward the end of the experiment (Fig. 2C) , likely reflecting the death of cells harboring the poliovirus replicon in the presence of this compound. Activation of the cellular apoptotic program under conditions of suppressed poliovirus infection was described previously for inhibitors of translation and replication (26) . A4(1) inhibits PI3K-dependent activation of Akt signaling by inhibiting a kinase upstream of Akt but downstream of PI3K (28) . However, Akt inhibitor V (triciribine), which prevents activation of all Akt isoforms (29) , as well as Akt inhibitor X had no significant effect on poliovirus replicon replication (Fig. 1B , positions A5 and A7, and data not shown). This controversy prompted us to further test the importance of the Akt pathway for poliovirus replication. We pretreated cells for 2 h before replicon RNA transfection with 25 M wortmannin and LY294002, well-known strong inhibitors of PI3K-dependent Akt activation (30) . After this, the replication assay was also performed in the presence of 25 M these inhibitors. These treatment conditions had minimal effects on the efficiency of replication compared to that of A4(1) (not shown), arguing that inhibition of the PI3K-Akt pathway is not detrimental to poliovirus RNA replication, at least in cell culture, and that the antiviral activity of A4 (1) is unrelated to this pathway.
Similarly, the antiviral effects of the other two selected inhibitors seem to not be related to their annotated cellular targets. E5(1) targets the PDGF receptor family of tyrosine kinases (31); however, other PDGF receptor tyrosine kinase inhibitors, PDGF receptor inhibitors II and IV, had no significant effect on replication (Fig. 1B, positions E4 and E6, and data not shown).
E7 (2) inhibits cyclin-dependent kinases as well as Src kinase activity, resulting in inhibition of the Stat3 signaling pathway (32) . Other inhibitors targeting Src kinase (SU6656) and cyclin-dependent kinases (kenpaullone, aminopurvalanol A, SB 218078, and SU9516) had minimal or no effects on replicon replication (Fig.  1C, positions E2, F5 , A9, H4, and H10, and data not shown).
We conclude that the observed antiviral action of the smallmolecule inhibitors A4(1), E5(1), and E7(2) is due to their effect on as-yet-unknown cellular or viral targets. A4(1), E5(1), and E7(2) block propagation of diverse picornaviruses. To characterize the antiviral activities of A4(1), E5(1), and E7(2) in cell culture, we infected HeLa cells with 10 PFU/cell of poliovirus and incubated the cells with 10 M, 25 M, or 50 M each inhibitor after virus attachment. The cells were frozen at 6 h postinfection and subjected to three cycles of freeze-thawing to release the intracellular virus. The virus yield in each sample was determined by a plaque assay. All three inhibitors reduced the titer of poliovirus in a dose-dependent manner (Fig. 3A) . Accordingly, poliovirus-infected cells incubated in the presence of 25 M A4(1) and E5(1) did not show signs of viral cytopathic effects (CPE), at least up to 8 h postinfection (Fig. 3B) . The protective effect of the compounds correlated directly with the inhibition of accumulation of the viral proteins (Fig. 3C) . In spite of the strong suppression of viral propagation, E7(2) was not as protective to infected cells as the other two inhibitors, although the development of CPE was still delayed compared to the control sample (Fig. 3B) . Mockinfected cells incubated with any of the inhibitors for 8 h were essentially indistinguishable from the DMSO (solvent) control (not shown). In order to determine the effect of the inhibitors on other members of the Picornaviridae family, we infected HeLa cells with 10 PFU/cell of CVB3 or EMCV in the presence of 25 M each inhibitor. EMCV belongs to the Cardiovirus genus of the Picornaviridae family and is significantly different from poliovirus and CVB3, which are both members of the Enterovirus genus. All inhibitors reduced propagation of these viruses, similar to their effect on poliovirus. E7(2) reduced the EMCV yield by ϳ2 logs, while A4(1) and E5(1) reduced the virus yield by 3 logs (Fig. 3C) . A4(1) and E7(2) reduced the CVB3 yield by 2 logs, and E5(1) reduced the yield by Ͼ4 logs (Fig. 3C) . This shows that the three inhibitors have a broad-spectrum effect on picornavirus replication, suggesting that they target replication components conserved even among distantly related viruses.
Inhibitors block different steps of the poliovirus replication cycle. Since the inhibitors were selected in the replicon assay, which bypasses early steps of infection such as virion-receptor interactions and RNA release, the inhibitors must be acting on RNA translation and/or replication. To determine the step(s) in the replication life cycle affected by the inhibitors, we analyzed them in an in vitro poliovirus translation-replication system based on a crude HeLa cell extract, which allows separate investigations of RNA translation, polyprotein processing, and RNA replication (6, 33) . During the first step (translation), poliovirus RNA is translated in the extract in the presence of 2 mM guanidine-HCl, which does not interfere with viral polyprotein expression and processing but specifically blocks poliovirus RNA replication. During the second step (replication), the membranes with the stalled replication complexes are collected by centrifugation and resuspended in a guanidine-HCl-free replication buffer supplemented with a labeled nucleotide, thus allowing a synchronous start of viral RNA replication and visualization of the newly synthesized RNA (Fig. 4A) .
First, we assessed the effects of the inhibitors on the replication of fully replication-competent poliovirus RNA that codes for the replication polyprotein P2P3 without capsid region P1. Since poliovirus capsid proteins are not involved in replication, and their input is nonessential for the antiviral activity of the selected inhibitors, the absence of the P1 region simplifies the system and facilitates interpretation of the data. We added the inhibitors at concentrations of 10 M, 25 M, or 50 M to either the translation or the replication reaction mixture. An equivalent amount of DMSO (solvent) was added to the samples incubated without the inhibitors. A4(1) inhibited RNA replication in a dose-dependent manner when added to either the translation or replication reaction mixture but had a more pronounced effect if present during the replication step, suggesting that it can directly block proper functioning of the replication complexes. This compound had no effect on the efficiency of RNA translation or polyprotein processing (Fig. 4B) . E5(1) also had no apparent effect on polyprotein expression and processing, and if the inhibitor was present during the translation step, subsequent replication was inhibited in a dosedependent manner. If the inhibitor was added only during the replication step, it had no effect on RNA replication. Thus, E5(1) prevents formation of functional replication complexes but does not interfere with RNA replication once the complexes are assembled (Fig. 4C) . E7(2), like E5(1), was effective only if it was added during the translation step, showing that it interferes with the formation of the replication complexes but not their functioning.
In contrast to the other two inhibitors, E7(2) had a strong effect on polyprotein processing. It resulted in a significant accumulation of the unprocessed P2P3 polyprotein, a decrease of the 3CD signal and a concomitant increase of the 3D signal, as well as a decrease of 2C accumulation (Fig. 4D, arrowheads) . These cleavages are mediated by viral protease 3C. E7(2) also inhibited the accumulation (2) on P3 processing. The scheme summarizes the results of these and other translation experiments performed in the presence of E7(2) and shows the most affected proteolytic sites. Arrowheads indicate 3C-dependent cleavages, and arrows indicate 2A-dependent cleavages.
(B) A4(1). (C) E5(1). (D) E7(2). (E) Effect of E7
of 2A-dependent cleavage fragments 3C= and 3D= (Fig. 4D, arrows) . The strong effect of E7(2) on 3C-dependent processing was confirmed in an experiment where only the P3 (3ABCD) fragment was expressed in the presence or in the absence of E7 (2) . As in the case of full-length P2P3, processing of P3 into 3BCD and 3CD was significantly suppressed in the presence of the compound (Fig.  4E) . Thus, A4(1) blocks both the formation and functioning of the replication complexes, while the effects of E5(1) and E7(2) are restricted to the assembly of functional replication complexes.
The inhibitors do not block VPg uridylylation but inhibit minus-strand RNA synthesis. To understand the steps of viral RNA replication affected by the inhibitors, we examined the formation of uridylylated VPg, which serves as a primer for initiation of synthesis of both strands of poliovirus RNA. To assess VPg uridylylation, poliovirus RNA was translated in a HeLa cell extract in the presence of guanidine-HCl and 50 M the inhibitors. The membrane-associated preinitiation complexes were collected by centrifugation and resuspended in a buffer without the inhibitors and guanidine-HCl. The replication buffer contained [␣- 32 P]UTP to monitor the formation of uridylylated VPg. Guanidine-HCl (2 mM), which strongly suppresses VPg uridylylation, was added to the negative-control reaction mixture (Fig. 5A) . None of the inhibitors had a significant effect on VPg uridylylation; in the case of A4(1), the signal was even stronger than that in the control sample (Fig. 5B) . This shows that the compounds block viral RNA replication at a downstream step(s). The next step in poliovirus replication is the copying of the genome RNA into the negative RNA template that will be used for the generation of progeny positivestrand genomes. T7 RNA polymerase generates transcripts with the 5=-GG sequence. If these G's are present at the 5= end of poliovirus RNA, which has an authentic 5=-UU sequence, they do not interfere with RNA translation, and such an RNA is copied by the replication machinery to the minus strand, but the subsequent step of plus-strand RNA synthesis is blocked (34) . We programmed the translation-replication reaction with poliovirus RNA generated from a plasmid, pPV1⌬P1, that does not encode a ribozyme sequence, and thus, the T7 RNA polymerase transcripts retain extra G's at the 5= end. The inhibitors were present at a concentration of 50 M during the translation step, when the replication complexes are formed. A4(1) was the strongest inhib- itor of minus-strand RNA synthesis, while E5(1) and E7 (2) showed more modest inhibition (Fig. 5C) . Thus, the poliovirus replication complexes formed in the presence of the compounds are fully competent in the generation of the uridylylated VPg primer but cannot support effective synthesis of RNA.
E7(2) affects binding of cellular and viral factors to membranes.
Proteins from the cellular secretory pathway are known to be recruited to the poliovirus replication complexes and to facilitate RNA replication. GBF1, a guanine nucleotide exchange factor for a small cellular GTPase, Arf1, is recruited to the replication complexes of poliovirus and CVB3 through interactions with viral protein 3A; inhibition of GBF1 with brefeldin A strongly suppresses viral replication (35) (36) (37) (38) . Another cellular factor, phosphatidylinositol 4-kinase III␤ (PI4KIII␤), was shown to be important for replication of different positive-strand RNA viruses and was proposed to be recruited to the replication complexes in a GBF1-dependent manner (15) . To determine if the new smallmolecule inhibitors of viral replication interfere with the recruitment of these important host factors to the replication complexes, we translated poliovirus RNA in a HeLa cell extract in the presence of the inhibitors, collected the membranes, and analyzed the associated proteins by Western blotting. The presence of A4 (1) in the translation reaction mixture resulted in somewhat dose-dependent increases of both GBF1 and PI4KIII␤ recruitment to membranes (Fig. 6A) . E5(1) did not have any significant effect on the poliovirus-specific association of these proteins with membranes (Fig. 6B) . Interestingly, samples incubated with E7 (2) showed a dose-dependent decrease of recruitment of GBF1 to the membranes but had no effect on PI4KIII␤, supporting a recent report that recruitment of these proteins may be independent of each other (39) . Similarly, we did not see any significant effect on the association with membranes of another cellular protein, acyl coenzyme A (acyl-CoA) binding protein 3 (ACBD3), which was shown previously to be able to modulate replication of diverse picornaviruses, including poliovirus (40-42) (not shown). Since GBF1 recruitment to membranes was diminished in the presence of E7 (2), we tested whether its inhibitory effect on viral replication can be rescued by overexpression of GBF1. We monitored poliovirus replicon replication in cells transfected with a GBF1-expressing vector in the presence of 10 and 25 M E7 (2) . No differences were observed compared to the control samples transfected with an empty vector (data not shown), arguing that the reduced amount of GBF1 recruited to the replication complexes in the presence of this inhibitor is not a limiting factor for viral replication. We similarly investigated the effect of these compounds on the recruitment of the viral proteins to membranes. A4(1) and E5(1) did not significantly affect binding to membranes of viral proteins 2C, 3A, and 3D and some uncleaved precursors containing these sequences (Fig. 6A and B) . E7(2), on the other hand, induced a significant increase in accumulation on the membranes of polyprotein fragment P3 and 3CD but not of any other viral proteins assessed (Fig. 6C) . Thus, the inhibition of poliovirus replication in the presence of E7 (2) is likely related to the aberrant composition of the cellular and viral factors in the replication complexes.
A4(1) and E5(1) are refractory to emergence of resistant mutants, while resistance to E7(2) is conferred by a mutation previously shown to rescue replication in the presence of enviroxime-like compounds. To obtain deeper insight into the mechanism of inhibition of the viral life cycle and to evaluate the potential of the inhibitors as antiviral therapeutics, we attempted to isolate resistant mutants by serially passaging poliovirus in the presence of the compounds. For the first passage, HeLa cells were infected with poliovirus at a multiplicity of infection (MOI) of 10 PFU/cell, and cells and extracellular medium were harvested at 6 h p.i. and subjected to three cycles of freeze-thawing to release the intracellular virus. An aliquot of this material was used for the next round of infection, and the rest was stored for later analysis. Initially, we passaged the virus in the presence of 50 M the inhibitors. Under these conditions, no resistant mutants emerged for any of the inhibitors.
When we passaged poliovirus in the presence of 10 M A4(1), we saw constant low levels of viral replication with no apparent increase between passages, indicative of an emergence of resistant mutants. At passages 5 and 10, the titer was ϳ10E7 PFU/ml, about 2.5 logs lower than that for control replication (Fig. 7A) . We sequenced viral RNA from passage 10 and found no mutations leading to amino acid changes.
Propagation of poliovirus in the presence of 10 M E5(1) resulted in the complete disappearance of the virus at passage 5. We then decreased the concentration of the inhibitor to 5 M and propagated the virus for several passages to enrich the population for possible mutations that may facilitate selection of resistant mutants at a higher concentration. At 5 M E5(1), the virus replicated to an ϳ0.5-to 1-log-lower level than that of control replication (not shown). We took the material collected at passage 10 with 5 M the inhibitor and continued passaging with 10 M the inhibitor. Again, after passage 5, we saw a complete disappearance of the virus, showing that no resistant mutants were selected under these conditions (Fig. 7B) .
To further extend the chances of selecting resistant mutants, we performed 10 additional passages of poliovirus in the presence of 10 M A4(1) and 5 M E5(1). Viral populations selected after 20 passages showed the same absence of increased resistance as the populations selected after 10 passages. The population propagated for 20 passages with 5 M E5(1) again disappeared after 5 passages when the concentration of the compound was increased to 10 M (not shown).
After the initial failure to isolate resistant mutants with 50 M E7(2), we propagated the virus for 10 passages with 10 M the inhibitor and then used this material for five subsequent passages with 50 M the inhibitor. This scheme resulted in the selection of a resistant population (Fig. 7C) . We isolated two individual plaques from passage 5 with 50 M E7(2) and sequenced the entire coding region of the viral RNA. We found that the viral RNAs from both plaques contained one nucleotide substitution, G5318A, resulting in an amino acid change from alanine to threonine in the 3A sequence. The same mutation was reported previously to confer resistance to a diverse class of so-called enviroxime-like compounds, believed to target a PI4KIII␤-dependent step in the viral replication cycle (10, (43) (44) (45) (46) . We confirmed that this mutation was responsible for the resistance to E7(2) by genetically engineering the corresponding change into the poliovirus genome (not shown).
Thus, A4(1) and E5(1) are novel strong inhibitors of poliovirus replication that cannot be overcome by resistance mutations, at least in HeLa cells, while E7(2) is another enviroxime-like compound targeting a 3A-dependent process in the viral life cycle.
Another enviroxime-like compound affects poliovirus replication and polyprotein processing similarly to E7(2). The emer-gence of the same mutation upon selection of poliovirus in the presence of E7(2) as the one previously described for other enviroxime-like compounds prompted an investigation of the effect of another enviroxime-like compound, GW5074 (10), on formation of poliovirus replication complexes and polyprotein processing. We performed an in vitro translation-replication experiment where the compounds were added during either the translation step (formation of the replication complexes) or the replication step. The inhibitory effect of E7(2) added during the replication step was more pronounced in this experiment, likely reflecting variations among HeLa extract preparations. However, both enviroxime-like compounds were much more effective if they were present during the formation of the replication complexes (Fig.  8A) . Moreover, in the presence of GW5074, polyprotein process- ing defects similar to those induced by E7(2) were observed (Fig.  8B ). When we assessed the replication of the resistant G5318A mutant in the in vitro system, we observed that this mutation partially rescues polyprotein processing defects in the presence of E7 (2) (Fig. 8B) . Interestingly, the level of RNA replication of this mutant was practically the same in the presence and in the absence of the inhibitor, but it was significantly lower than the control replication level of wild-type RNA (Fig. 8B) . These results show that inhibition of formation of poliovirus replication complexes by at least some enviroxime-like compounds may be mediated at least in part by polyprotein processing defects.
A4(1) delays the onset of paralysis in a murine model of poliomyelitis. The novel antipicornaviral compounds A4(1), E5(1), and E7(2) are practically insoluble in water, which significantly limits their usefulness as antiviral drugs for in vivo studies. To enhance solubility, we utilized two novel acyclic cucurbit-[n]uril (CB[n]) molecular containers known as M1 and M2 (21) (Fig. 8A ). These containers were previously shown to increase the solubility of at least 10 pharmacologically relevant drugs and to be nontoxic to several cell lines and tolerated by mice at doses as high as 1,230 mg/kg (21) . Based on the large aromatic surfaces of inhibitors A4(1), E5(1), and E7(2), we decided to first test solubilization by using M2, which features the larger aromatic naphthalene rings as side walls. Experimentally, we separately mixed each insoluble inhibitor (1 mg) with M2 (14 mM; 0.7 ml) in 20 mM sodium phosphate buffer (pH 7.4 at room temperature [RT]). The mixture was then filtered, and the concentration of each inhibitor was determined by 1 H nuclear magnetic resonance (NMR) spectroscopy by comparing the integrals of the inhibitor with those of 1,3,5-benzene tricarboxylic acid added as an internal standard with a known concentration. Container M2 (14 mM) increased the solubility of A4(1) up to 2.01 mM (1.24 mg/ml) and increased the solubility of E7(2) up to 0.90 mM (0.33 mg/ml) but did not solubilize E5 (1) . Accordingly, we tested inhibitor E5(1) with container M1, but once again, we were unable to enhance its solubility.
We evaluated whether container M2-solubilized A4(1) and E7(2) retained their antiviral activity in the poliovirus replicon replication assay. Empty container M2 did not have any inhibitory effect on poliovirus RNA replication ( Fig. 9B and C) . Container M2-dissolved A4(1) reduced poliovirus replicon replication but not as effectively as the DMSO-dissolved compound (Fig. 9B) .
Container M2-dissolved E7(2) did not inhibit replicon replication at both 10 M and 25 M (Fig. 9C) , suggesting a strong molecular interaction between the inhibitor and container M2. Container M2-dissolved compounds also did not show increased cellular toxicity compared to the DMSO-dissolved ones ( Fig. 9B and C) . Since container M2-dissolved A4(1) retained its antiviral properties in cell culture, we further evaluated it as an antiviral drug in a murine model of poliomyelitis (22) .
A group of 10 transgenic mice expressing human poliovirus receptor (5 males and 5 females) were inoculated intraperitoneally with 10 mg/kg of A4 (1) in complex with container M2 in PBS on day 1, 3 h before intramuscular challenge with 10 PD 50 s of poliovirus type 1 strain Mahoney. Control groups were treated with either empty container M2 in PBS or PBS alone. Mice received the second dose of the compound or the control solution at 24 h postinfection. The treatment was stopped after the second dose due to signs of toxicity in animals treated with A4(1). Hind limb paralysis developed in both control groups treated with container M2 only (5 out of 10 mice) and PBS (6 out of 10 mice) on day 3, while mice treated with A4(1) did not show signs of disease. On day 4, mice in all groups were paralyzed (Fig. 9D) . Thus, A4(1), in spite of the toxic effect, demonstrated protective antipoliovirus potential in vivo.
DISCUSSION
In this study, we identified and characterized three novel molecules with antipicornavirus activity by screening commercially available libraries of cell-permeable kinase inhibitors. The selected inhibitors effectively suppressed replication of poliovirus replicon RNA with IC 50 s ranging from 3.2 M for A4(1) to ϳ12 M for E5(1) and ϳ16 M for E7 (2) . These compounds similarly blocked infection by poliovirus; another related enterovirus, CVB3; as well as the much more distantly related EMCV of the Cardiovirus genus. Enteroviruses and cardioviruses are known to be markedly different in their responses to at least some other inhibitors targeting either viral or cellular proteins. Low concentrations of guanidine-HCl strongly interfere with enterovirus but not cardiovirus replication. The effect of this compound is believed to be mediated by inhibition of the ATPase activity of enterovirus protein 2C (47) (48) (49) (50) . Similarly, brefeldin A, an inhibitor of a GTPaseactivating function of a cellular protein, GBF1, strongly inhibits replication of poliovirus and some other picornaviruses but is completely ineffective against cardioviruses (24, 25, 35, 36, 51) . The identification of compounds that can block replication of cardioviruses and enteroviruses equally suggests that at least some components of the replication complexes of these viruses are conserved. The inhibitors were selected for their activity in the replicon assay. Since the introduction of replicon RNA into cells by transfection skips the viral attachment/penetration process, the inhibitors should be acting on viral RNA expression and/or replication. The experiments with the in vitro translation-replication system revealed that all inhibitors interfered with RNA replication, while having a minimal effect on the uridylylation of the viral protein VPg, which serves as a primer for RNA synthesis. A4(1) was the strongest inhibitor and interfered with both the formation and functioning of the replication complexes. E5(1) and E7(2), on the other hand, blocked only formation of the replication complexes and could not stop replication if they were added to already formed complexes. Neither A4(1) nor E5(1) showed any effect on accumulation of the viral proteins, while E7(2) interfered with polyprotein processing. It is likely that the aberrant processing of the viral polyprotein contributed to the defect of the replication complexes formed in the presence of E7 (2) . Since the inhibitors were effective in the in vitro system, which is based on postnuclear cell lysates, they likely directly inhibit the formation and/or functioning of viral replication complexes rather than induce an alteration of cellular metabolism making cells generally nonpermissive for viral infection. The inhibitory effect in the in vitro system required higher concentrations of the compounds than those in in vivo assays such as replicon replication or virus propagation. A similar phenomenon was also previously observed for another inhibitor of poliovirus replication, brefeldin A, which acts by blocking the activity of the cellular protein GBF1 (18, 52) . This may reflect the fact that in live cells, translation and replication of the viral RNAs are not separated, and inhibition of any process is amplified in a feedback loop, while in the two-step in vitro system, the amount of available RNA templates is the same, so higher concentrations of the compounds may be required to achieve a similar inhibitory effect on the replication readout signal. Since the compounds effectively blocked infection by such diverse picornaviruses as enteroviruses and cardioviruses, it is likely that they are targeting cellular rather than viral proteins; however, the identity of their targets remains to be established. Originally, we anticipated that screening of libraries of characterized kinase inhibitors may reveal the cellular metabolism regulation pathways that may be important for viral infection. Our results show, however, that the antiviral action of the inhibitors described in this paper is unlikely to be mediated by their annotated kinase targets, since other inhibitors of the same kinases often showed markedly different effects on viral replication. Supporting the off-target effect mediating the antiviral activity of A4(1), E5(1), and E7 (2) is the fact that their IC 50 s for the annotated cellular targets are in the nanomolar range (see Tables S1 and S2 in the supplemental material), while the inhibitors were practically ineffective against viral propagation at concentrations of Ͻ10 M. Interestingly, A4(1) was also reported previously to block replication of negative-strand RNA viruses, such as respiratory syncytial virus and vesicular stomatitis virus, by an unknown mechanism unrelated to the Akt pathway targeted by this molecule (53) . Those and our results underscore the importance of the off-target effects of the small-molecule compounds used to decipher cellular pathways hijacked during viral infection. This inhibitor also showed a negative effect on replication of vaccinia virus (53) . It is an intriguing possibility that all these diverse viruses may share a requirement for the same cellular factor(s).
A major problem in antiviral drug development is the emergence of resistant mutants. Picornaviruses are known to easily overcome compounds targeting either cellular or viral proteins (8) (9) (10) (11) . Both A4(1) and E5(1) were refractory to the emergence of viral resistance, at least in cell culture, making these inhibitors promising candidates for the development of effective broadspectrum antivirals. After multiple attempts, we were able to select viruses that were resistant only to E7(2). The resistance mutation was localized in the hydrophobic domain of the 3A protein. The mutation was the same as the previously described one conferring resistance to so-called enviroxime-like compounds; thus, E7 (2) can be added to this broad class of seemingly unrelated molecules. They are believed to target either PI4KIII␤ (major enviroximelike compounds) (10, 45) or oxysterol binding protein (OSBP) (minor enviroxime-like compounds) (14) . The amount of PI4KIII␤ associated with the replication membranes in the presence of E7(2) was not affected; however, this inhibitor induced a decrease in recruitment of GBF1 to membranes. These data support a recent report that the GBF1 and PI4KIII␤ proteins are recruited to the replication complex independently (39) . It was suggested that the activity of PI4KIII␤ on the replication membranes, resulting in their enrichment in phosphatidylinositol 4 phosphate (PI4P), may facilitate binding of viral protein 3D (15) . Interestingly, we found that E7(2) actually did not have a significant effect on the recruitment of 3D but significantly increased the binding of P3 and 3CD to membranes in apparently nonfunctional configurations, since the complexes formed in the presence of this compound were defective in RNA replication. Both E7(2) and another enviroxime-like compound, GW5074, induced defects in polyprotein processing, affecting 3C-and 2A-dependent cleavages, while the resistance mutation G5318A partially rescued these defects. While this mutation rescued replication in the presence of the inhibitor to a certain level, it was detrimental for replication in the absence of the drug. Collectively, these data suggest that at least some enviroxime-like compounds likely interfere with the formation of a proper membrane microenvironment in a way that prevents the correct presentation of the proteolytic sites of the viral polyprotein and results in aberrant recruitment of some viral proteins from the P3 genomic region (but not the polymerase 3D) to the replication membranes and that developing resistance to this changed environment requires a tradeoff leading to lower levels of replication.
We were able to partially evaluate the protective properties of A4(1) in vivo in a murine model of poliomyelitis. To render the compound water soluble, we used the novel molecular container M2 (21) . Unfortunately, A4(1) was noticeably toxic to mice, and we had to stop its administration after only two doses; however, even this limited treatment delayed the onset of paralysis. It is likely that a slight modification of the chemical structure of the inhibitors identified in this study may render these structures more water soluble and increase their antiviral potency in vivo.
These molecules will provide important tools for understanding the fundamental aspects of the formation and functioning of picornavirus replication complexes as well as for the development of broad-spectrum antivirals refractory to the emergence of resistant mutants.
